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Photographs of a volcanic column in a recent eruption of Reventador show a
prominently scalloped umbrella that is unlike any umbrella previously docu-
mented on a volcanic column. We propose that the scallops in this umbrella
are the result of a turbulent Rayleigh–Taylor instability with no precedents in
volcanology. We ascribe the rare negative buoyancy that drives this instability
to the fact that the Reventador column fed on a cool co-ignimbrite cloud. From
the wavelength of the scallops, we estimate a value for the eddy viscosity of the
umbrella, the first such value to be inferred directly from an observation in the
field, and show that this value is consistent with a lower bound obtained pre-
viously by a disparate method. Last, we discuss the implications of our results
for volcanic eruption dynamics and hazards. We hope this work will prompt
and guide the documentation of other scalloped umbrellas.
Volca´n Reventador (Spanish for “One that explodes”), 100 km from Quito, Ecuador, erupted
cataclysmically on November 3, 2002. After seven hours of seismic activity and a steam phase,
at 9:12 a.m. local time the eruption sent a towering Plinian column 17 km into the stratosphere
(figure 1) and a pyroclastic flow 9 km down valleys (1). The pyroclastic flow caused severe
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damage to principal petroleum pipelines; the attendant co-ignimbrite (2) clouds and the columns
that fed on them provided sufficient ash to close the Quito airport for 10 days (1). One of these
columns displayed a peculiar, scalloped umbrella (figure 2). Scalloped umbrellas have not
previously been reported in the volcanology literature to our knowledge.
The usual volcanic column (figures 1 and 3a) as well as the usual nuclear-test column (fig-
ure 3b) consists of a stalk capped with an umbrella. The umbrella forms when the fluid in the
stalk reaches neutral buoyancy, possibly with some overshooting in the center of the rising col-
umn (Figure 3c). The outer shape of the umbrella reflects a toroidal circulation (figure 3d) that
draws ambient air in from the atmosphere at the bottom of the stalk and forces mixing of the
ambient air with hotter, less dense fluid inside the ascending stalk (3). In most cases, the surface
of the umbrella develops a ‘knuckled’ or ‘cauliflowered’ texture (figure 3).
In contrast, on the Reventador column of figure 2 the umbrella was scalloped orthogonal to
the plane of the toroidal circulation. Dimensions are difficult to ascertain from the eyewitness
photos available to us, but the photograph of figure 2c allows for rough measurements (4).
On the basis of these measurements, we estimate the diameter of the umbrella as ≈ 3.5 km
(perhaps 3.5 ± 2.5 km in a very pessimistic scenario (4)), its half circumference as ≈ 5.5 km,
and 8 scallops per half circumference, giving a scallop wavelength of about 0.7 km (perhaps
0.7± 0.5 km in a very pessimistic scenario). Further, we estimate the thickness of the umbrella
as ≈ 0.9 km, the diameter of the stalk as ≈ 1 km, and the amplitude of the scallops as several
hundred meters. The explanation proposed here is not affected by the likely uncertainties in
these quantities.
We ascribe the scalloped structure of the Reventador umbrella to the occurrence of a turbu-
lent Rayleigh–Taylor (RT) instability (5, 6) on the bottom surface of the umbrella. The insta-
bility occurs along the outer rim of the umbrella if the ashy suspension there is denser that the
ambient air under the umbrella. By turbulent RT instability we mean an RT instability that is
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governed by the eddy viscosity of the umbrella. (Note that the umbrella is already turbulent at
the onset of the instability.) The turbulent RT instability appears to have no precedents in vol-
canology, but it has long been known in the atmospheric sciences, for example (7). We present
an analysis that shows that the conditions necessary for such an instability are consistent with
those likely in the Reventador column, given the geologic conditions of the eruption.
The RT instability of the interface between a layer of denser fluid that tops a layer of lighter
fluid may occur at all wavelengths. Nevertheless, the rate of growth of the instability is maxi-








where ν ≡ (µd + µl)/(ρd + ρl), α ≡ (ρd − ρl)/(ρd + ρl), µd is the viscosity of the denser fluid,
µl is the viscosity of the lighter fluid, ρd is the density of the denser fluid, ρl is the density of the
lighter fluid, and g is the gravitational acceleration. The characteristic time associated with the








and represents the time required for the RT instability to become manifest.
In the case of interest here we assume that µd (i.e., the viscosity of the umbrella) is much
larger than µl (i.e., the viscosity of the ambient air). In addition, we assume that along its outer
rim the umbrella is denser than the ambient air, and write ∆ρ ≡ ρd − ρl and ρd + ρl ≈ 2ρd.
With these assumptions we have ν ≈ µd/(2ρd) = νd/2, where νd is the kinematic viscosity of






















Now we consider the quantity (∆ρ/ρd)1/3 that appears in (3). A positive value of ∆ρ/ρd
signifies that the outer rim of the umbrella is negatively buoyant. As a result of the cubic
root, even a modest value of ∆ρ/ρd leads to a value of (∆ρ/ρd)1/3 of order 1. (For example,
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∆ρ/ρd = 0.1 leads to (∆ρ/ρd)1/3 ≈ 0.5.) Nevertheless, the outer rim of the umbrella must be
negatively buoyant, at least to a small degree, or there would be no driving force to propel the
RT instability. With this assumption in place, we can set (∆ρ/ρd)1/3 ≈ 1 in (3).
Next we consider the kinematic viscosity νd in the context of a turbulent RT instability. If
the umbrella is turbulent, it is populated by turbulent eddies in a vast range of lengthscales.
These turbulent eddies can effect momentum transfer and therefore endow the umbrella with
an eddy viscosity (9). (To visualize the origin of the eddy viscosity, imagine a vertical plane
bisecting the umbrella and one side of the plane being sheared downwards with respect to the
opposite side; this is the sort of shearing required to form scallops. Then, the turbulent eddies
provide currents orthogonal to the plane, thereby “sewing” the two sides of the plane together.
Thus the eddies resist the shearing motion, much as a stitch prevents two pieces of cloth from
sliding relative to one another (10).) The largest turbulent eddies have a size comparable with
the thickness of the umbrella (which we denote by h) and can be identified with the toroidal
circulation of figure 3d. These eddies dominate the momentum transfer and therefore the eddy
viscosity (11). If we denote the characteristic velocity of the largest eddies by v, we can estimate
the eddy viscosity as νd ≈ vh (11), the dominant wavelength as λ ≈ 2pi(vh)2/3/g1/3, and the
characteristic time as τ ≈ (vh)1/3/g2/3.
To obtain λ ≈ 0.7 km (the wavelength observed in the Reventador umbrella) we must have
an eddy viscosity of about 4, 000m2/s (12). This value of eddy viscosity is consistent with
a lower bound, 200m2/s, obtained by Wohletz by a disparate method (13, 14). The attendant
velocity of the largest turbulent eddies is v ≈ 5m/s (for h ≈ 0.9 km). The characteristic time is
τ ≈ 5 s.
From the previous paragraph, we conclude that scallops of a wavelength comparable with
the wavelength of the Reventador umbrella can form in a suitably short time if the largest eddies
in the umbrella are sufficiently fast, with a characteristic velocity of several meters per second.
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Note that the characteristic velocity of the largest eddies scales with the turbulent power per unit
mass, i.e., with the rate of production of turbulent energy per unit mass, denoted by , in the form
v ∼ (h)1/3 (11). Volcanic columns are invariably very turbulent and can, in principle, develop
scalloped umbrellas as prominent as Reventador’s. Yet most volcanic columns do not develop
scalloped umbrellas (e.g., figures 3a and c), because in most volcanic columns the outer rim of
the umbrella remains neutrally buoyant. In fact, if the fluid rising in the stalk is superheated
steam, if the particle loading is light, or if the entrained particles are hot and transmit heat to the
vapor phase, for example, then the umbrella can undergo an extensive lateral expansion while
its outer rim remains neutrally buoyant (15). On the other hand, the occurrence of a scalloped
umbrella requires that the outer rim of the umbrella become negatively buoyant. As we have
seen, the increase in relative density, ∆ρ/ρd, need only be moderate—but there must be a loss
of neutral buoyancy, or the umbrella will not form scallops.
The rarity of scalloped umbrellas indicates that some unusual conditions must have prevailed
in the Reventador column of figure 2, leading to a ready loss of neutral buoyancy. We propose
that the Reventador column was unusually dense and cool. The eruption of 9:12 a.m. was
a steam-driven eruption that entrained cool lithic material from the destruction of a summit
cone. The material was sufficiently dense that it formed pyroclastic flows that ran down the
slopes of the volcano. Some of the ash was partitioned into the co-ignimbrite column that
displayed the scalloped umbrella. We conclude that scalloped umbrellas may be more common
on co-ignimbrite columns or mixed co-ignimbrite-Plinian columns than on Plinian columns
without surrounding pyroclastic flows. Explosive phreatic or vulcanian eruptions might also
meet the criteria required for a cool, dense umbrella—and therefore for a scalloped umbrella.
Nevertheless, these types of eruption often last for only a fraction of a second. Thus the absence
of any reports of scalloped umbrellas on columns from phreatic or vulcanian eruptions may be
due to the duration of such eruptions, which is too short compared with the characteristic time
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of a turbulent RT instability.
The fate of the scalloped umbrella subsequent to the photographs of figure 2 was not doc-
umented (but may eventually be revealed by field studies of the ash deposits). Our analysis
suggests, however, that the umbrella could have collapsed back to the ground, forming yet more
pyroclastic flows. Such flows would originate at a fallback point quite far removed (kilome-
ters?) from the center of the eruption and could have possessed considerable initial momentum.
Furthermore, they could be obscured as the eruption progresses. These likely scenarios should
be considered as mapping of deposits is conducted, and in hazards planning.
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Figure 1: The larger Reventador volcanic column at 09:12 hours November 03, 2002, reaching
16–17 km high, viewed from Lago Agrio, 90 km to the east of the eruption site on which this








Figure 2: Reventador co-ignimbrite column with scalloped umbrella. The co-ignimbrite cloud
on which this column fed was just forming at the base of the larger column of figure 1. (a)
Photograph by Armando Alvarez Sa´nchez, Cruz Roja Ecuatoriana. (Permission to publish un-
der request.) FOR ENLARGED VERSION SEE PAGE 12. (b) Photograph by R. Saca, taken
from a construction camp approximately 8 km from the erupting cone. (Permission to publish
under request.) FOR ENLARGED VERSION SEE PAGE 13. (c) Photograph by John Fisher,
at www.saexplorers.org/reventadorpix.htm. (Permission to publish under request.) We use the





Figure 3: (a) Plinian volcanic column over Mount St. Helens. Photographer unknown. (b)
Nuclear-test column, Ivy-Mike, 1952. Photograph U.S. Government. Photographer unknown.
(c) Classical lithograph titled “The Eruption of Vesuvius as Seen from Naples, October 1822,”
from V. Day & Son. (d) Toroidal circulation. Adapted from (3).
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Enlarged version of figure 2a.
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